Objective: Growth factor based angiogenesis, with or without cell therapy, is a promising therapeutic modality for patients with coronary artery disease. We compared the relative efficacies of surgically delivered vascular endothelial growth factor (VEGF) and fibroblast growth factor-2 (FGF-2) in a swine model of hypercholesterolemia-induced endothelial dysfunction which captures many of the pathophysiologic abnormalities of human coronary disease. Methods: Yucatan mini-swine (20-30 kg), fed a high cholesterol diet (total 20 weeks), underwent circumflex ameroid placement to create chronic myocardial ischemia, followed three weeks later by perivascular administration of VEGF (2 mg; n = 6), FGF-2 (100 mg; n = 6), or placebo (n = 7) in the ischemic territory. Normocholesterolemic animals (n = 7) served as controls. Four weeks later, endothelial function, collateral-dependent perfusion, as well as myocardial protein and mRNA levels of angiogenic mediators were assessed. Results: Endothelial dysfunction was observed in all hypercholesterolemic animals as impaired microvessel relaxation in response to adenosine diphosphate and VEGF. VEGF administration improved baseline-adjusted collateral-dependent perfusion at rest (À0.03 AE 0.05 vs À0.12 AE 0.04, VEGF vs placebo, p = 0.09), but FGF-2 delivery caused a significantly greater improvement in perfusion compared to either group (+0.15 AE 0.03, p < 0.05 vs HC-placebo and HC-VEGF) at rest. Molecular analysis revealed increased eNOS expression (135% AE 8%, p = 0.03 vs placebo) in all growth factor treated animals and increased expression of FGF-2 receptor, FGFR1 (65 AE 26%, p = 0.04 vs placebo), in FGF-2 treated animals. No significant changes were demonstrated in other angiogenic mediators including Akt, Syndecan-4. Conclusions: In the setting of hypercholesterolemic endothelial dysfunction, FGF-2 is more effective than VEGF at enhancing collateral-dependent perfusion and thus, may be a better candidate than VEGF for angiogenic therapy in patients with end-stage CAD. #
Introduction
Therapeutic angiogenesis, utilizing growth factors or cell populations, remains an attractive modality for the treatment of end-stage coronary artery disease (CAD). Pre-clinical studies and clinical trials, conducted over the past decade, have highlighted the challenges of translating the significant angiogenic response to these therapies observed in animal models to clinically meaningful and measurable benefits for patients [1] . Two important issues, among others, have been identified over these years of investigation. The first is the realization that angiogenesis is a complex process, which involves interaction between a number of pro-angiogenic growth factors, anti-angiogenic mediators, and the extracellular matrix [2] . As such, it is likely that combinations of therapies utilizing multiple growth factor and cell combinations will be needed to maximize the therapeutic potential of these agents. However, a number of critical issues including dosing, timing, interactions, and combined toxicities of multiple pro-angiogenic agents need to be further studied in in vitro or small animal models prior to preclinical evaluation of combination growth factor therapy. Although a variety of growth factors have been studied in vitro and in animal models, only members of the vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) families have been used in clinical trials [3] . Furthermore, a comparative evaluation of these growth factors has not been performed in the clinical setting.
Another important realization has been that findings from preclinical animal models have not been reproducible in clinical trials. This lack of reproducibility may be due, in significant part, to the presence of endothelial dysfunction, which is a common finding in patients with CAD [4] , but is not present in the young, healthy animals used for preclinical studies. We and others have previously demonstrated in a swine model that the presence of endothelial dysfunction states, such as hypercholesterolemia and diabetes, impairs the angiogenic response to chronic ischemia [5] [6] [7] and to exogenous growth factor therapy [8] , which can be rescued, in part, by pro-endothelial agents, such as L-arginine [9] and insulin [10] .
The aim of this study, therefore, was to perform a comparison of the angiogenic potential of VEGF and FGF-2 in an established and clinically relevant swine model of dietinduced hypercholesterolemia and endothelial dysfunction. The key outcomes for this study included coronary microvascular function, collateral-dependent myocardial perfusion, as well as an exploration of the molecular pathways involved.
Materials and methods

Animal model and study design
Yucatan miniswine (Sinclair Research, Columbia, MO, USA) were fed a hypercholesterolemic diet (n = 19), composed of 4% cholesterol, 17.2% coconut oil, 2.3% corn oil, 1.5% sodium cholate, and 75% regular chow, continued throughout the experimental period (total 20 weeks). A separate group of swine were fed regular chow (NORM, n = 7) and served as controls. After 13 weeks of dietary modification, all animals underwent ameroid constrictor placement on the proximal left circumflex coronary artery (LCx). For all surgical procedures, anesthesia was induced with ketamine (10 mg/ kg IM), thiopental (5-10 mg/kg IV), and thiopental 2.5%, and maintained with a gas mixture of oxygen at 1.5-2 l/min and isoflurane at 0.75-3.0%. The animals were intubated and mechanically ventilated at 12-20 breaths/min. During the first procedure, the pericardium was opened through a left minithoracotomy, and gold-labeled microspheres (Biophysics Assay laboratory, Worcester, MA, USA) were injected in the left atrium during temporary occlusion of the LCx to determine, by shadow labeling, the exact myocardial territory at risk. Thus, the myocardial territory with the lowest count of gold-labeled microspheres represents the area at highest risk of ischemia with circumflex artery occlusion. Next, a titanium ameroid constrictor (1.75 mm in internal diameter) was placed around the proximal left circumflex artery at the site of the temporary occlusion.
Three weeks after ameroid placement, the animals were anesthetized and coronary angiography was performed through an 8 F sheath (Cordis corporation, Miami, FL, USA) introduced into the femoral artery using a catheter with the appropriate distal angulation. High atomic weight contrast (Mallinckrodt Inc., St. Louis, MO, USA) was injected after selective cannulation of the right and left coronary ostia to confirm occlusion of the circumflex artery by the ameroid constrictor. A repeat small left thoracotomy was performed and microspheres were injected in the left atrium to determine myocardial perfusion at rest and with atrial pacing (150 bpm). This served as the baseline perfusion measurement following ameroid occlusion. Following microsphere injection, the animals were divided into three groups. In group 1 (HC-VEGF, n = 6), an osmotic pump (Alzet Inc. -model 2ML4, Cupertino, CA, USA) containing human recombinant vascular endothelial growth factor (VEGF 165 ) was used to provide sustained intramyocardial delivery of the growth factor using a microcatheter implanted in the ischemic territory. VEGF (2 mg) was mixed with 50 U of heparin and was delivered as a 2 ml solution over 4 weeks at a rate of 3 ml/h in the ischemic territory, as previously described [11] . In group 2, (HC-FGF, n = 6), 10 sterile heparin-alginate sustainedrelease beads each containing 10 mg of bovine FGF-2 (Chiron, Emeryville, CA, USA) were implanted in the subepicardium and myocardium surrounding the proximal and mid-circumflex coronary artery as previously described [12] . In group 3 (HC-placebo, n = 7), heparin alginate beads containing no growth factors were implanted.
Seven weeks after ameroid placement, the animals were again anesthetized and the heart exposed through a sternotomy. Microspheres were then injected both at rest and with pacing and euthanasia was performed with injections of saturated potassium chloride solution. The heart was harvested and two 1-cm-thick transversal slices were cut at the midventricular level, and then sectioned into 8 segments identified clockwise starting from the anterior junction of the right and left ventricles. Samples from the anterior and left lateral walls were divided and rapidly frozen in liquid nitrogen (molecular studies) and kept in 4 8C Krebs solution (microvessel reactivity studies). Separate samples were weighed and dried in a 60 8C oven (microsphere perfusion analyses). Plasma cholesterol levels were obtained from serum samples of all animals using an enzymatic method (AccelLAB, Montreal, PQ, Canada).
In vitro assessment of coronary microvessel reactivity
After cardiac harvest, epicardial coronary arterioles (80-180 mm in diameter and 1-2 mm in length) originating from branches of the left anterior descending (LAD) were dissected from the surrounding tissue with a 40Â microscope and examined in isolated microvessel chambers as described previously [13] . The microvascular responses to sodium nitroprusside (SNP) (1 nmol/l to 100 mmol/l, endotheliumindependent cGMP-mediated vasodilator), adenosine 5 0 diphosphate (ADP, endothelium-dependent vasodilator, 1 nmol/l to 10 mmol/l) and VEGF (1 fM to 1 nM) were evaluated. Briefly, microvessels were cannulated with dual glass micropipettes and pressurized to 40 mmHg using 2 burettes containing Krebs solution. Vessels were bathed in Krebs solution and preconstricted by 25-50% of the baseline diameter with the thromboxane A2 analog, U46619 (0.1-1 mM). All drugs were applied extraluminally. Relaxation responses were defined as the percent relaxation of the preconstricted diameter. Six vessels were examined in each group with uniform levels of preconstriction.
Myocardial perfusion analysis
Myocardial perfusion was determined during each procedure with isotope-labeled microspheres (ILMs) (BioPAL, Worcester, MA), 15 mm in diameter, using previously reported methods [14] . Briefly, 1.5 Â 10 7 gold-labeled microspheres were injected during temporary LCx occlusion at the time of ameroid placement to identify myocardial samples that originated from the LCx distribution (those with the lowest count of gold-labeled microspheres). 1.5 Â 10 7 Samariumand 1.5 Â 10 7 Europium-labeled ILMs were used during the second procedure to determine baseline blood flow in the LCx territory 3 weeks after ameroid placement at rest and with pacing. 1.5 Â 10 7 Lutetium-and 1.5 Â 10 7 Lanthanumlabeled ILMs were injected at the final procedure, 7 weeks after ameroid placement. Following euthanasia, 10 transmural left ventricular sections were collected for ILM assays in each animal, weighed, and dried. Each sample was exposed to neutron beams and microsphere densities measured in a gamma counter. Adjusted myocardial blood flow (at rest and with pacing), reflecting changes in lateral myocardial perfusion, was determined from the two myocardial samples which showed the lowest count of gold-labeled microspheres by using the following equations: 
Molecular studies
Western blotting was performed as previously described [6] . Briefly, whole-cell lysates were isolated from the homogenized myocardial samples with a RIPA buffer (Boston Bioproducts, Worcester, MA, USA) and centrifuged at 12,000 Â g for 10 min at 4 8C to separate soluble from insoluble fractions. Protein concentration was measured spectrophotometrically at a 595-nm wavelength with a DC protein assay kit (Bio-Rad, Hercules, CA, USA). Forty micrograms of total protein was fractionated by 4-20% gradient, SDS polyacrylamide gel electrophoresis (Invitrogen, San Diego, CA, USA) and transferred to PVDF membranes (Millipore, Bedford, MA). Each membrane was incubated with specific antibodies as follows: anti-VEGF antibody (Calbiochem, San Diego, CA, USA), anti-FGF-2 antibody (US Biological, Swampscott, MA, USA), anti-FGFR1 antibody and antiSyndecan-4 antibody (Zymed, San Francisco, CA, USA), antiAkt antibody (Cell Signaling, Beverly, MA, USA), and anti-eNOS antibody (BD Biosciences, San Jose, CA). Then the membranes were incubated for 1 h in diluted appropriate secondary antibody (Jackson Immunolab, West Grove, PA). Immune complexes were visualized with the enhanced chemiluminescence detection system (Amersham, Piscataway, NJ, USA). Bands were quantified by densitometry of radioautograph films.
Northern blot analysis was performed as previously described [15] . Briefly, myocardial samples from the anterior and lateral myocardial territories were homogenized for 60 s on ice; total RNA was then isolated with a Tri-Reagent solution (Sigma, St. Louis, MO, USA). A 10 mg RNA pellet was dissolved in RNase free water, fractionated on a 1.3% formaldehyde-agarose gel, and transferred to a GeneScreen Plus filter (PerkinElmer, Boston, MA, USA). Complementary DNA probes of VEGF receptor-1 (VEGFR1) and VEGF receptor-2 (VEGFR2) were labeled with a 32 P-dCTP (Amersham, Arlington Heights, IL, USA) with the use of a random-priming labeling kit (Boehringer, Indianapolis, IN, USA) and purified from unincorporated nucleotides with G-50 Quick Spin Columns (Boehringer). The specific activity of the probes used was 1 to 2 Â 10 9 cpm/mg. The blots were hybridized at 68 8C for 16 h in UltraHyb solutions (Ambion, Austin, TX, USA). After hybridization, the blots were washed twice in 2Â SSC, placed in 0.1% SDS for 15 min at room temperature, and then rewashed twice in 0.1Â SSC, 0.1% SDS for 15 min at 60 8C. Autoradiography was carried out at À80 8C for 16-20 h.
Data analysis
All results are expressed as mean AE SEM. Microvessel responses are expressed as percentage relaxation of the preconstricted diameter and were analyzed using two way, repeated measures analysis of variance. Western blots were analyzed after digitalization of X-ray films using a flatbed scanner (ScanJet 4c; Hewlett-Packard, Palo Alto, CA, USA) and NIH ImageJ 1.33 software (National Institute of Health, Bethesda, MD, USA). Comparisons between samples were analyzed by unpaired, two-tailed t-tests using GraphPad Prism 4 (GraphPad Software Inc., San Diego, CA, USA). P values less than 0.05 were considered significant.
Animal care
Animals were cared for in compliance with the Harvard Medical Area Institutional Animal Care and Use Committee and in accordance with the 'Principles of Laboratory Animal Care' formulated by the National Society for Medical Research and the 'Guide for the Care and Use of Laboratory Animals' (NIH publication no. 5377-3 1996).
Results
Animal model
Three animals (11%) did not complete the entire experimental protocol. One animal in the NORM group died one day following ameroid placement. Two animals died due to intractable ventricular arrhythmias at the time of the second procedure, one at the time of contrast injection in the right coronary artery (HC-FGF group), and another following rapid atrial pacing (HC-VEGF).
Serum cholesterol levels were significantly elevated in all animals fed a hypercholesterolemic diet (HC-Placebo: 10.9 AE 2.3, HC-VEGF: 9.2 AE 1.0, HC-FGF: 9.9 AE 1.8 mmol/ l) compared to normocholesterolemic controls (NORM: 2.3 AE 0.3, p < 0.001), with no significant differences between the three hypercholesterolemic groups. Fig. 1 depicts the total cholesterol levels within the different study groups.
Coronary microvessel reactivity
Coronary microvessel relaxation responses are depicted in Fig. 2 . Baseline diameters of coronary arterioles were similar in all groups (NORM: 125 AE 12, HC-Placebo: 151 AE 19, HC-VEGF: 141 AE 11, HC-FGF: 134 AE 9 mm, ANOVA p = 0.45), as was the amount of pre-constriction (NORM: 41 AE 6, HCPlacebo: 34 AE 2, HC-VEGF: 38 AE 3, HC-FGF: 39 AE 2% of baseline, ANOVA p = 0.52). Hypercholesterolemic animals (HC) demonstrated a marked impairment in the relaxation responses to endothelium-dependent vasodilators, ADP and VEGF (both p < 0.001) compared to the NORM group. This observation was consistent and similar in magnitude (58% and 63% reduction in response to ADP [10 À4 ] and VEGF [10 À10 ], respectively) across all the hypercholesterolemic groups with no significant differences between groups. Interestingly, the response to SNP, an endothelium-independent vasodilator, was impaired in the HC-placebo animals ( p < 0.01) but recovered in the growth factor treated animals (HC-VEGF, HC-FGF).
Myocardial perfusion
Baseline myocardial perfusion of the circumflex territory, determined 3 weeks following ameroid placement, was marginally higher in the NORM group (0.65 AE 0.07 ml/min/g) compared to the HC groups (HC-Placebo: 0.48 AE 0.05, HC-VEGF: 0.52 AE 0.05, HC-FGF: 0.42 AE 0.18 ml/min/g) but this difference was not statistically significant (ANOVA p = 0.08). More importantly, baseline circumflex perfusion was similar between the three HC groups (ANOVA p = 0.52). As seen in Fig. 3A , after four weeks of treatment, the NORM group demonstrated an increase in baseline-adjusted circumflex territory perfusion, whereas hypercholesterolemic animals (HC-Placebo) demonstrated reduced perfusion (0.12 AE 0.05 vs À0.12 AE 0.04 ml/min/g, NORM vs HC-Placebo, p < 0.001). VEGF treatment led to an increase in circumflex territory perfusion compared to placebo (À0.03 AE 0.05 ml/min/g, p = 0.09), but FGF-2 treatment led to a significantly greater increase in circumflex territory perfusion (0.15 AE 0.03, p < 0.05 vs both HC-Placebo and HC-VEGF). Similar values of baseline-adjusted circumflex territory perfusion were seen under stress conditions with rapid atrial pacing (NORM: 0.16 AE 0.08; HC-Placebo: À0.14 AE 0.07; HC-VEGF: À0.01 AE 0.04, and HC-FGF: 0.16 AE 0.06; Fig. 3B ).
Molecular studies
In order to further explore potential mechanisms for the functional differences, the myocardial expression of growth factors, their receptors and downstream mediators in the Fig. 1 . Serum cholesterol levels were significantly elevated in animals fed a hypercholesterolemic diet (HC) compared to a normal diet (NORM) with no significant differences between the hypercholesterolemic groups. *p < 0.001. Fig. 2 . Coronary microvessel relaxation responses (depicted as %relaxation of pre-constricted diameter) to (A and B) endothelium-dependent (ADP, VEGF) and (C) endothelium-independent (SNP) vasodilators in NORM, HC-Placebo, HC-VEGF, and HC-FGF animals. *p < 0.001, **p < 0.01. Fig. 3 . Baseline-adjusted circumflex territory perfusion was significantly reduced in HC-Placebo group compared to NORM, both at rest (A) and with pacing (B, *p < 0.001). VEGF treatment was associated with a small increase in flow compared to placebo ( y p = 0.09, z p = 0.10), but FGF treatment resulted in a significant increase in ischemic territory perfusion (**p < 0.05 vs HC-Placebo and HC-VEGF).
placebo, VEGF and FGF-2 treated hypercholesterolemic animals were examined. A schematic diagram of VEGF and FGF-2 signaling pathways is depicted in Fig. 4A . Myocardial expression of VEGF was similar in the HC-Placebo and HC-VEGF treated animals ( p = 0.65) and the expression of FGF-2 was similar between HC-Placebo and HC-FGF animals ( p = 0.63). While mRNA levels of VEGF receptors, VEGFR1 and VEGFR2 were similar between the placebo and HC-VEGF groups, FGF-2 treatment was associated with a significant increase in the expression of its receptor, FGFR1 (65 AE 26%, p = 0.04). There were no differences in Akt and Syndecan-4 expression. Growth factor treatment, with both VEGF and FGF-2, was associated with greater myocardial expression of endothelial nitric oxide synthase compared to the HCPlacebo animals (eNOS, both p < 0.05).
Discussion
Using a clinically relevant swine model of hypercholesterolemia-induced endothelial dysfunction and chronic myocardial ischemia, this study evaluated the comparative therapeutic efficacy of VEGF and FGF-2 in inducing myocardial angiogenesis. The major findings of this study were, firstly, that diet induced hypercholesterolemia, over a period of 20 weeks, led to a profound reduction in NO bioavailability in the coronary vasculature, as indicated by significant impairments in the relaxation response to ADP and VEGF. Secondly, hypercholesterolemic animals in the placebo group demonstrated a significant reduction in collateraldependent perfusion compared to normocholesterolemic controls. Treatment with local, sustained-release VEGF led to an improvement in ischemic territory perfusion, but this did not reach statistical significance. FGF-2, on the other hand, caused much greater increase in perfusion of the ischemic circumflex territory. Molecular studies demonstrated that there was a sustained increase in FGF receptor expression in FGF-2 treated animals, and a relative increase in eNOS expression in the ischemic territory of growth factor treated animals compared to placebo treated hypercholesterolemic animals.
A number of agents have been proposed and evaluated for the induction of myocardial angiogenesis. These have included growth factors, delivered either as proteins or genes, as well as a variety of cell populations. Isoforms of VEGF and FGF are the only growth factors that have been evaluated in clinical trials to date [3] . However, their therapeutic efficacies have not been compared in the clinical setting. Although VEGF and FGF families of growth factors share some characteristics in common, important differences in downstream signaling and mechanisms of action exist (Fig. 4A) . VEGFs bind to their tyrosine kinase receptor, VEGFR2, which activates PI3 kinase leading to the phosphorylation of Akt (protein kinase B) and subsequent phosphorylation and activation of eNOS and the production of NO [16] . FGF signaling is initiated by its binding to its receptor FGFR1 leading to the activation of protein kinase C (alpha and epsilon isoforms) and also involves syndecan-4 as a downstream mediator [17, 18] . While FGF signaling also involves NO, its angiogenic effects are less clearly tied to NO compared to VEGF. Hughes et al. evaluated VEGF and FGF-2 in a swine model of myocardial ischemia and found significant increases in myocardial blood flow in response to both growth factors, when delivered intramuscularly [19] . However, this comparison was performed in young, healthy swine, and does not reflect the pathophysiologic state of patients with CAD.
We and others have previously demonstrated that dietinduced hypercholesterolemia results in endothelial dysfunction, which appears to be associated with increased production of reactive oxygen species (ROS) [5] . These ROS can combine with and consume NO, thereby reducing its bioavailability. Endothelial dysfunction, due to reduced NO bioavailability, and increased oxidative stress are also key features of CAD in patients [20] . Furthermore, these animals also have increased myocardial expression of anti-angiogenic protein, endostatin, which has a selective inhibitory effect on VEGF receptors [21] . Thus, the increased dependence of VEGF on NO availability combined with increased endostatin expression in these animals may explain the limited angiogenic benefit of VEGF in this model. FGF, which is less NO-dependent and acts via additional pathways, may be a better angiogenic growth factor for use in patients with CAD.
The molecular studies in our model revealed that growth factor expression was similar in placebo and treated animals. This is consistent with the known short half-life of growth factors and the reason why sustained release systems were used for delivery rather than single injections. Another important finding of the study was that FGF-2 treatment was associated with a persistent elevation in FGFR1 levels, despite similar levels of FGF-2 protein in the placebo and FGF-2 treated animals. This prolonged effect of FGF-2 on receptor expression may be another reason for its enhanced angiogenic effect. Treatment with both growth factors resulted in upregulation of eNOS in the myocardium, which is consistent with previous reports in in vitro models [22] . Lastly, while we did not find significant differences in the protein or mRNA expression of other angiogenic mediators, it is important to realize that many of these proteins may be regulated at the post-translational level through phosphorylation and these phosphorylation states were not specifically assessed in this study.
Strengths and limitations of the model
The swine model of chronic myocardial ischemia provides physiologically relevant measures of myocardial blood flow and coronary vascular function. Furthermore, diet-induced hypercholesterolemia captures many of the pathophysiologic abnormalities of patients with CAD. However, this study is limited by the fact that the intramyocardial delivery systems for the growth factors used were different for VEGF and FGF, which may affect their efficacy. Unfortunately, the desired sustained release method (heparin alginate beads) was not available for VEGF and thus, an osmotic pump was utilized instead. Additionally, only one dose was utilized for each group. While the chosen doses were similar to those utilized in clinical studies, additional studies comparing higher doses may reveal important differences in growth factor efficacy. Lastly, molecular studies were only performed at a single timepoint, four weeks following the initiation of therapy, and may not capture changes in the expression of angiogenic mediators in the early period following initiation of growth factor treatment.
Conclusions
In a clinically relevant model of hypercholesterolemic endothelial dysfunction, intramyocardial FGF-2 treatment was significantly more efficacious than VEGF in improving collateral-dependent myocardial blood flow. These differences may be due to greater NO dependency of VEGF and suggest that FGF-2 may be a better angiogenic agent for use in patients with CAD.
